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Bottom-up growth of microscopic pillars is observed at room temperature on GaN irradiated with a
Gaþ beam in a gaseous XeF2 environment. Ion bombardment produces Ga droplets which evolve into
pillars, each comprised of a spherical Ga cap atop a Ga-filled, gallium fluoride tapered tube (sheath).
The structures form through an interdependent, self-ordering cycle of liquid cap growth and solid sheath
formation. The sheath and core growth mechanisms are not catalytic, but instead consistent with a model
of ion-induced Ga and F generation, Ga transport through surface diffusion, and heterogeneous sputtering
caused by self-masking of the tapered pillars.
DOI: 10.1103/PhysRevLett.111.135503 PACS numbers: 61.80.x, 79.20.Rf, 81.16.c
Emergent phenomena such as spontaneous pattern
formation, self-assembly, and self-organization [1–3] have
stimulated much research into the underlying mechanisms,
and applications in bottom-up growth [3] at length scales
ranging from the atomic to macroscopic. Here, we report
a spontaneous, room temperature growth mechanism that
yields microscopic pillars each comprised of a solid,
tapered, gallium fluoride sheath and a Ga core that protrudes
from the sheath and forms a liquid spherical cap at the pillar
tip. The growth process was observed on GaN irradiated by
aGaþ beam in a gaseousXeF2 environment. Pillar growth is
initiated by the formation of a spherical liquid Ga droplet
and concurrent growth of a solid sheath, caused by chemical
conversion of liquid Ga to gallium fluoride. Tapered pillars
emerge from an interdependent, self-ordering cycle of
Ga droplet (i.e., pillar cap) growth and sheath formation.
The underlying mechanisms are noncatalytic and physically
distinct from others reported in the literature, such as vapor-
liquid-solid, solid-liquid-solid, and solution-liquid-solid
growth [4].
It is well known that ion bombardment in vacuum of
III-V semiconductors such as GaN [5–7], GaAs, InN, InAs,
and InP can give rise to the formation of metallic droplets
on the substrate surface [2,8,9]. Preferential sputtering of
the group V element and ion beam induced decomposition
and restructuring of the surface cause the group III species
to accumulate [5,10,11], and droplets to form through
nucleation, growth and ripening mechanisms [2,8,9,12].
In some instances, the droplets have very narrow size
distributions, and can be ordered through spontaneous or
directed processes such as off-normal ion irradiation [2]
and prepatterning of droplet nucleation sites [8].
Droplets generated by the irradiation of GaN in vacuum
by a normal incidence, focused, rastered, 30 keV Gaþ
beam [13] are shown in Figs. 1(a) and 1(b). The droplets
nucleate preferentially at surface steps [Fig. 1(b)],






FIG. 1 (color online). (a)–(b) Electron images of Ga droplets
on GaN formed during ion beam irradiation in vacuum, and two
frames from a movie of droplets (c) growing to form pillars (d) in
XeF2. (e) Pillar array grown on a prepatterned GaN substrate.
Each scale bar represents 5 m. The ion beam was scanned in
the serpentine pattern shown in (c).
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consistent with a mechanism that involves diffusion and
pinning at free-energy-minimizing loci. In a gaseous XeF2
environment, ion irradiation also gives rise to the formation
of Ga droplets. However, the droplets act as nucleation
sites for the formation of pillars that grow antiparallel to
the ion beam. Figs. 1(c) and 1(d) show two frames from
Video 1 of the Supplemental Material [13], a movie pro-
duced by real time secondary electron imaging of the
growth process. The movie reveals that the droplets
nucleate in random locations and that the growth of each
individual pillar starts, decelerates, and terminates sponta-
neously as the ion beam is scanned repeatedly over the
substrate.
The observed pillar growth is highly atypical in that
XeF2 normally acts as a precursor for chemical etching
of ion-irradiated substrates [7]. XeF2 is also known to play
a role in swelling caused by ion irradiation, and top-down
(subtractive) structure formation caused by heterogeneous
etching [6,14]. Such processes are, however, clearly differ-
ent from the pillar growth reported here.
The pillars in Fig. 1(d) are aligned vertically, but dis-
tributed randomly along the substrate. Ordered arrays
[Fig. 1(e)] and individual pillars (Fig. 2) can be fabricated
by prepatterning Ga droplet nucleation sites using the
focused Gaþ beam. The time evolution of a single pillar
is demonstrated in Fig. 2 by 9 frames from Video 2 of the
Supplemental Material [13], a movie of the growth pro-
cess. The images show [6 s]: a hole that had been made by a
stationary Gaþ beam and acts as a droplet nucleation site;
[6–31 s]: droplet nucleation and growth occurring while
the ion beam is scanned repeatedly over the rectangle seen
in the images; [80–524 s]: pillar formation; [ 400 s]:
droplet nucleation at the edge of the scan rectangle;
[400–554 s] pillar growth termination; and [554 s]: droplet
nucleation and growth observed to occur at the pillar base
and the edge of the scan rectangle immediately after pillar
growth has terminated. Figure 3(a) shows plots of the pillar
cap diameter d1, the corresponding volume V, and the
pillar base diameter d2 as a function of time (t). Vertical
growth terminated at 530 s, where @V=@t ¼ 0.
Pillar composition and internal structure were deter-
mined by cross-sectional electron imaging and energy
dispersive x-ray spectroscopy (EDS). EDS maps of pillars
that had been grown for 60, 420, and 1200 s are shown in
Figs. 4(a)–4(c), where each time stamp corresponds to the
growth time of a different pillar. Ga and F (but no Xe, N, or
O) were detected in the pillars. The maps show that each
pillar is a Ga-filled, gallium fluoride microcapillary (i.e., a
tapered fluorinated sheath). The most stable gallium fluo-
ride stoichiometry is GaF3 [15], which has a high melting
point of 800 C, in contrast to that of Ga (30 C) which
behaves as a supercooled liquid at room temperature. The
Ga core extends beyond the sheath and forms a spherical
Ga cap [shown in Fig. 4(d)]. The liquid nature of the Ga
caps is illustrated by the image sequence in Fig. 5 which
shows the coalescence of two adjacent pillar caps into a
single, asymmetric Ga droplet. The images also illustrate
the high cohesive energy of Ga which is responsible for
droplet formation.
FIG. 2. Electron image sequence showing the growth of a













































FIG. 3 (color online). (a) Cap volume V (cross), cap diameter
d1 (triangle), and pillar base diameter d2 (filled circle) measured
as a function of time, and corresponding curves calculated using
Eq. (1) (blue dashed lines) and Eq. (2) (solid lines). (b) Fraction
of excess Ga atoms diffusing into the sheath, the cap, and away
from the pillar (‘‘out diffusion’’) calculated as a function of time.
Vertical arrows show the time at which pillar growth terminated.




Fluorine was detected only in the tapered sheaths
[Fig. 4(c)]. The sheaths are present only in regions that
were protected from sputtering through masking by the Ga
caps, as indicated by an arrow in Fig. 1(d). Masking also
prevents sputtering of the underlying GaN substrate, result-
ing in the formation of the raised GaN features seen at the
base of each pillar in Figs. 1(e) and 4(c).
Figure 4(e) shows an EDS map of a pillar grown at the
periphery of the rectangle scanned by the ion beam.
The sheath is present only on the pillar surface that faces
the scan rectangle, showing that the ion beam plays a direct
role in sheath formation, and that F is immobile at length
scales on the order of the pillar diameter. The map also
shows that F is not entering the pillar from the gas phase
(through the cap) and is not causing fluoride growth at
the sheath-core interface through a vapor-liquid-solid
mechanism.
The compositional maps in Fig. 4 show how Ga droplets
evolve into pillar caps and cores, and how sheath formation
is enabled by the sidewall taper which prevents sheath
removal through sputtering. The maps also indicate how
vertical pillars emerge from a cycle of cap growth and
sheath formation. However, the maps do not explain the
pillar growth kinetics. To elucidate the observed growth
behavior, we consider the isolated pillar imaged in Fig. 2.
The growth rates of the Ga cap volume (V) and diameter
(d1) decrease with time, while the pillar base diameter (d2)
scales linearly with time [see Fig. 3(a)]. This indicates that
the growth is rate limited by the supply rate of Ga rather
than fluorine. Therefore, we develop a model of growth
kinetics based on excess Ga generation and consumption
in the system.
In the limit of short growth times, the sheath volume is
negligible, and we assume that (i) the excess Ga generation
rate is proportional to the area of GaN that is bombarded by
ions and acts as a source of excess Ga, (ii) a fixed fraction
of the excess Ga flows into and is consumed by the pillar,
which is located in the center of the Ga source, and
(iii) Ga is removed from the cap through sputtering at a
rate that is proportional to the cap surface area, As. We can,













where @V0=@t is @V=@t in the limit t! 0, AI is the initial
area of GaN irradiated by ions (i.e., the rectangle around
the pillar seen in Fig. 2), Ad1 is the projected area of the
growing Ga cap in the plane of AI, and Ad1=AI is the
fraction of AI occupied by the growing cap. The excess
Ga generation rate is proportional to (1 Ad1=AI) because
the Ga cap resides on top of the GaN substrate and masks it
from ion irradiation. The last term, ð@=@tÞAsðtÞc, is the
net volumetric Ga removal rate, expressed as a product of
the flux of Ga sputtered from the cap, @@t , (atoms=m
2=s), As
and the volume of a Ga atom, c.
@V0=@t was deduced experimentally from the slope of
Vðt! 0Þ, seen in Fig. 3(a), and @=@t is a fitting parame-
ter. Solutions to Eq. (1) yield the time evolution of the cap
volume VðtÞ and the corresponding cap diameter d1ðtÞ.
Figure 3(a) shows the best fit to experiment obtained by
setting @=@t to 107 m2 s1 which corresponds to a
realistic sputter yield of 11 (Ga atoms per ion incident
onto the spherical cap). The calculated VðtÞ profile is sub-
linear due to two effects: (i) an increase in As which acts as
a Ga sink, and (ii) a decrease in the size of the Ga source
caused by the growth of Ad1. This simple time evolution of
the size of the Ga source and sink yields cap growth
kinetics that are in agreement with experiment at short
growth times. However, the model overestimates the cap
growth rate at long times. This divergence is attributed to
Ga consumption in sheath formation. Excess Ga is gener-
ated by ion irradiation of the GaN substrate and supplied to
the cap through diffusion along the surface of the growing
sheath. Hence, the fraction of Ga consumed in sheath
formation and the Ga flow rate into the cap increases and
decreases with time, respectively.
FIG. 4 (color). Cross-sectional compositional maps (Red ¼
Ga, blue ¼ F, green ¼ N) of pillars that had been grown for
(a) 60 s, (b) 420 s, and (c) 1200 s, and (d) a secondary electron
image of pillar (c). Map (e) shows a pillar grown at the edge of
the area bombarded by Gaþ ions. The dashed horizontal line
shows the position of the GaN surface prior to ion irradiation.
Each pillar is coated with a protective Pt film used to minimize
cross-sectioning artifacts. The scale bar applies to all images.
FIG. 5. Image sequence showing a pillar (A) that has reached
maximum height and is no longer growing, the growth of an
adjacent pillar (B), and coalescence of the pillar caps into a
single, asymmetric Ga droplet.




In order to account for sheath formation, we use Eq. (1)
to define initial conditions for an explicit simulation of
excess Ga generation, diffusion, consumption, and removal
from the system. Specifically, we calculate the time-
dependent excess gallium concentration C across the
sheath and the GaN substrate by solving
@C
@t
¼ af^ bCþDr2C; (2)
where a is the excess gallium generation coefficient (atoms
per ion incident onto GaN), f^ is the mean ion beam flux in
the plane of the substrate, b is the Ga uptake rate by the
sheath, and D is the Ga diffusion coefficient. A detailed
description of the model implementation is provided in
Ref. [13].
Equation (2) was solved numerically, using input
parameters that are equivalent to those used in Eq. (1),
and by using b as a fitting parameter. Figure 3(a) shows
plots of d1, d2, and V calculated as a function of time.
Part (b) of the figure shows corresponding plots of the
fraction of excess Ga that is consumed by the sheath and
the cap, and the fraction lost through out diffusion
(i.e., diffusion away from the region of GaN bombarded
by Ga ions). The latter is approximately constant during
growth, thereby validating assumption (ii) made in setting
up Eq. (1).
The modeling data in Fig. 3(a) are in excellent agree-
ment with experiment, and were obtained by setting b to
1:1 106 s1, which yields a physically realistic sheath
with a density that is approximately half that of single
crystal GaF3 [13]. Solutions to Eq. (2) consistently predict
a peak in C on the GaN substrate, near the pillar base. This
peak, shown in Fig. 6, is in the vicinity of ‘‘droplet 3’’
marked on Fig. 2. Such droplets are often observed to
nucleate immediately after pillar growth has terminated,
and cause nucleation of neighboring pillars a number of
which are seen in Fig. 1(e). The frequent nucleation of such
droplets is likely caused by a combination of the elevated
Ga concentration, and the presence of an asperity at the
pillar base.
We can now combine the above experimental and
simulation data to form a detailed picture of pillar growth.
Liquid droplets form at the substrate, as in prior studies of
III-V semiconductors performed in vacuum [2,8,9,12].
XeF2 gives rise to the formation of solid sheaths which
deform the growing Ga droplets into the pillar cores seen in
Fig. 4. Pillars emerge through a self-ordering cycle of
droplet growth and sheath formation, in which vertical
growth occurs only when the cap diameter increases with
time. Sheath formation is induced by ion bombardment of
the GaN substrate. The absence of N (within the EDS
detection limit) shows that the sheaths are not comprised
primarily of material that is sputtered from GaN and
redeposited on the growing pillars. Instead, the most likely
mechanism is (i) adsorption of XeF2 gas molecules to
the pillar sidewall, (ii) dissociation of the adsorbates by
electrons [7] emitted from GaN due to ion impact, and
(iii) formation of gallium fluoride through reactions
between liquid gallium and fluorine adsorbates. The
abruptness of the core-sheath interface seen in Fig. 4(d)
indicates that the sheath constituents are not soluble in Ga.
Gallium is supplied through surface diffusion, and gener-
ated by ion beam decomposition of the GaN surface. The
simulations show that the pillar growth rate is given by the
rates of Ga supply through surface diffusion, Ga consump-
tion in sheath formation and Ga removal through sputter-
ing. Sputtering also serves to remove all species, including
F, N, and O, through ion bombardment of unmasked
regions of the pillar and the substrate. Ion beam heating
may assist in maintaining the Ga in a liquid state, and may
alter Ga diffusivity. It is, however, not a prerequisite for
pillar formation. Ga is a supercooled liquid at room tem-
perature [16], and our simulation results are insensitive to
the exact value of D and account for pillar formation in
the absence of temperature gradients caused by localized
heating.
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FIG. 6 (color online). Excess Ga concentration (C) along the
GaN substrate versus distance from the pillar base (r r2),
plotted for t ¼ 229, 329, 429, and 529 s. [r2 ¼ d2=2].
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